Forearc peridotites form Tonga records heterogeneous oxidation of the mantle following subduction initiation by Birner, SK et al.

that the sub-arc mantle is oxidized concurrently with addition of subduction fluids to the mantle
wedge.
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INTRODUCTION
Subduction zones are major loci of mass transfer be-
tween the Earth’s surface and interior, recycling oceanic
lithosphere and sediments while generating arc volcan-
ism at the surface. Forearc sequences may record the
evolution of mass transfer at arcs, from initiation
through to maturity (Reagan et al., 2010, 2015; Ishizuka
et al., 2011; Brounce et al., 2015). Within these se-
quences, forearc peridotites—tectonically exposed
pieces of lithospheric mantle originating from the over-
riding plate—provide a major avenue for investigating
mass transfer in arc settings (Deschamps et al., 2013),
including mass transfer that may result in oxidation. As
a result of seafloor alteration, the subducting plate may
return significant quantities of oxidized rock to the sub-
surface (e.g. Evans, 2012), where it dehydrates to gener-
ate arc melts in the mantle wedge via flux melting (e.g.
Grove et al., 2006). Mass transfer that results in vari-
ations in mantle oxygen fugacity (fO2) in turn influences
phase stability, liquid lines of descent, volatile speci-
ation and the position of the mantle solidus (e.g. Wood
et al., 1990; Stagno et al., 2013; Gaillard et al., 2015).
Because forearc peridotite mineral assemblages can re-
cord oxygen fugacity, they may provide invaluable in-
formation about the timing, process, and spatial extent
of oxidative mass transfer at subduction zones.
Studies of the oxygen fugacity of subduction-zone
lithologies have shown that both volcanic rocks and peri-
dotites from arcs are typically more oxidized than their
ridge counterparts (e.g. Wood et al., 1990; Carmichael,
1991). Based on analyses of erupted lavas, the oxygen
fugacity of the mid-ocean ridge basalt (MORB) source
mantle is at or just above the quartz–fayalite–magnetite
(QFM) buffer (Be´zos & Humler, 2005; Cottrell & Kelley,
2011), whereas the source of arc lavas may be more than
an order of magnitude more oxidized (e.g. Carmichael,
1991; Kelley & Cottrell, 2009; Brounce et al., 2014).
Similarly, studies of mid-ocean ridge peridotites imply
that the MORB source oxygen fugacity is below QFM
(Bryndzia & Wood, 1990), whereas subduction-related
peridotite xenoliths record oxygen fugacities above
QFM þ 1 (Wood & Virgo, 1989; Wood et al., 1990;
Parkinson & Arculus, 1999; Parkinson et al., 2003).
Although it is generally accepted that oxidized mater-
ial enters subduction zones via the down-going slab
and oxidized lavas subsequently emerge from arc vol-
canoes, few demonstrations of a direct link exist (e.g.
Kelley & Cottrell, 2009; Brounce et al., 2014). Very little
is known about the mass transfer processes and path-
ways that occur within the mantle wedge above a sub-
ducting slab. Dehydration of the slab produces aqueous
fluids that percolate through the mantle wedge and in-
duce flux melting (e.g. Grove et al., 2006); however, the
exact composition and redox state of these fluids are
not well constrained (e.g. Gaillard et al., 2015). Even
less well-constrained are the spatial scales and extents
to which fluid infiltration alters and/or oxidizes the man-
tle wedge. Because of this uncertainty, some studies
(e.g. Lee et al., 2005, 2010; Mallmann & O’Neill, 2009)
have advanced the hypothesis that oxidation in arc
lavas does not relate to oxidation of the mantle source,
but is instead due to late-stage processes such as differ-
entiation and degassing. According to the hypothesis of
Lee et al. (2005), subduction xenoliths are also not rep-
resentative of mantle wedge material, but are instead
pieces of lithospheric mantle that have been altered by
repeated interaction with percolating melts or fluids.
Because of the intrinsic uncertainties in interpreting
source conditions from arc volcanic rocks and xeno-
liths, analysis of forearc peridotites provides a useful
additional perspective on the redox state of arc mantle.
Non-accretionary intra-oceanic arcs often expose
forearc peridotites, either within the trench on the wall
of the overriding plate or exhumed in serpentine sea-
mounts (e.g. Fryer et al., 1985; Parkinson & Pearce,
1998; Pearce et al., 2000). Previous studies investigating
the chemistry and oxygen fugacity of forearc mantle
have documented heterogeneous oxygen fugacity, ex-
tending from values similar to those of ridge peridotites
up to values similar to those of arc xenoliths, and de-
grees of melt extraction extending to values greater
than those at ridges (e.g. Parkinson & Pearce, 1998;
Pearce et al., 2000; Dare et al., 2009). These signatures
are interpreted as recording the redox effects of a var-
iety of subduction-related melting and melt–rock reac-
tion events.
In this study, we investigate the chemical signatures
and oxygen fugacity recorded by forearc peridotites
from the Tonga Trench to assess the role of subduction-
zone melts and fluids in oxidizing the mantle. We find
that the Tonga forearc mantle is heterogeneous, in
terms of both recorded oxygen fugacity and major and
trace element compositions. We additionally recalculate
forearc peridotite data previously published in the lit-
erature using updated methods. We then assess the
relative influence of flux melting and dry, near-
fractional melting on forearc chemistry, both for our
Tonga samples and for the literature data, and conclude
that oxidation is not a pervasive feature of the forearc
mantle. Instead, oxidation in forearc peridotites accom-
panies geochemical signatures indicative of interaction
with arc fluids and melts.
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BMRG08-106. We analyzed seven of the 27 samples
identified as peridotite in the dredge log. Of these seven
samples, three are refractory harzburgites and four are
dunites. Samples are in general more altered by ser-
pentinization than BMRG08-98 samples (alteration
scores ¼ 2–35).
BMRG08-111. We analyzed six of the 11 samples
identified as peridotite in the dredge log. Of these, one
is a lherzolite and five are refractory harzburgites.
Samples are in general more altered by serpentinization
than BMRG08-98 and -106 samples (alteration scores ¼
25–45).
NOVA88. We analyzed four samples from this
dredge, for which a detailed dredge log is not available.
Dredge 88 contained 20 kg of harzburgite with minor
dunite, and samples range from fresh to serpentinized
(Fisher & Engel, 1969; Bloomer & Fisher, 1987). All four
of the samples analyzed in this study are relatively un-
altered harzburgites (alteration scores ¼ 15–3).
7TOW-57. We analyzed two samples from this
dredge, for which a detailed dredge log is also not avail-
able. As reported by Bloomer & Fisher (1987), this
dredge consists of harzburgite and minor dunite, the
majority of which are fresh. Both of the samples ana-
lyzed in this study are relatively unaltered harzburgites
(alteration score ¼ 2).
METHODS
Major element analysis
Single grains of olivine, orthopyroxene, and spinel
were analyzed at Stanford University and the
Smithsonian Institution using electron microprobes
equipped with five wavelength-dispersive spectrom-
eters (WDS). The same analytical conditions and stand-
ards were used on both instruments in most cases, as
summarized in SD Electronic Appendix 3. For spinel
and olivine, we used a focused beam diameter of 1–2
lm. For spinel, we analyzed 3–5 grains per thin section,
with three points per grain. For olivine, we analyzed 4–6
points per thin section. Seeking an average pyroxene
composition, we used a defocused beam diameter of 10
lm, and averaged 7–15 analyses from transects perpen-
dicular to exsolution lamellae. Clinopyroxene grains,
which are frequently absent, were analyzed in samples
for which trace elements were also obtained.
To calculate oxygen fugacity, accurate and precise
estimates for the ferric iron content of spinel are neces-
sary. To determine ferric iron content by microprobe,
we used the method of Davis et al. (2017). Below we
provide a brief summary.
We calculated the Fe3þ/RFe ratios of the spinels by
normalizing spinel cation proportions to three total cat-
ions, initially treating all Fe as Fe2þ, and then adjusting
the Fe3þ/Fe2þ ratio to balance the charge deficiency or
excess to four oxygens per three cations (Stormer,
1983). We then applied a Cr#-based correction to these
calculated Fe3þ/RFe ratios. At the beginning and end of
each electron microprobe session, we measured eight
calibration spinel standards with Fe3þ/RFe ratios previ-
ously characterized by Mossbauer spectroscopy (Wood
& Virgo, 1989). After calculating DFe3þ/RFeMoss–EPMA
and Cr# for each calibration spinel measurement, we
determined the slope and intercept of the best-fit line
(Wood & Virgo, 1989):
DFe3þ=RFeMoss–EPMA ¼ A  Cr#þ B: (1)
We used equation (1) to correct the calculated Fe3þ/
RFe ratios of spinel unknowns measured during that
session, with the correction applied irrespective of
whether DFe3þ/RFeMoss–EPMA and Cr# were strongly cor-
related or not, the rationale for which has been
described in detail by Davis et al. (2017).
After applying this correction, negative oxide weight
per cents were corrected to zero and totals less than
980 or greater than 1015 were discarded. For olivine
and pyroxene, points with totals less than 985 or
greater than 1015 were discarded.
Trace element analysis
Trace element analyses were carried out for clinopyrox-
ene, orthopyroxene, and a limited number of olivine
grains at the University of Rhode Island using a UP-213
Nd-YAG laser ablation system coupled to a Thermo X-
Series II quadrupole ICP-MS system, following methods
modified from Kelley et al. (2003) and Lytle et al. (2012).
Isotopes analyzed were 26Mg, 45Sc, 47Ti, 51V, 52Cr, 55Mn,
59Co, 60Ni, 65Cu, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 137Ba, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 159Tb, 160Gd, 163Dy,
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb,
232Th, and 238U. Spot sizes and drill rates varied by sam-
ple and were chosen to maximize signal intensity, given
the low trace element abundances in these samples.
Spot sizes ranged from 80 to 160 lm, with serpentiniza-
tion and cracks as the limiting factors. Drill rate was lim-
ited by sample thickness; thicker samples (60 lm)
were ablated at a rate of 2 lm s–1 (10 Hz laser repeat
rate), whereas thinner samples (30 lm) were ablated
at 1 lm s–1 (5 Hz), both at a laser fluence of 159 J cm–2
for a 60 lm reference spot. Background was measured
for 30 s, followed by ablation of the sample for 60 s.
Eight standards (BHVO-2G, BCR-2G, BIR-1G, GOR 132-
G, StHIs-G, T1-G, ML-3B-G, KL2-G), analyzed using the
same analytical conditions and an 80 lm spot size, were
used to construct calibration curves based on published
values (Kelley et al., 2003; Jochum et al., 2006). The cali-
bration standards were analyzed once at the beginning
of each day and instrumental drift was assessed by
periodic analysis of San Carlos olivine, which served as
a secondary standard. Calibration curves were linear for
all elements (R2 > 099) and drift was negligible over
the course of all analytical sessions.
To reduce the data, spectra were normalized to 26Mg
as the internal standard. We determined detection limits
for each element in each sample by comparing the sig-
nal during on-peak data acquisition with the variation
within the background signal, such that data were
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excluded if they fell within two standard deviations of
the average background signal. Data points were also
excluded if the accumulated counting errors were
greater than 50% of the counts.
Surface contamination by Pb was evident in the laser
signal and each spectrum was individually screened to
exclude regions of high Pb at the beginning of each ana-
lysis. However, concentrations of Pb reported here have
a larger uncertainty than that for other elements owing
to the possible inclusion of surface Pb throughout the
ablation signal. Although we present Pb data in this
work, our concerns about contamination leave its inter-
pretation ambiguous, and we do not further discuss its
implications in the context of our results.
Oxygen fugacity
The oxygen fugacity of peridotites can be calculated
using phase equilibrium between olivine, orthopyrox-
ene, and spinel:
6Fe2SiO4 þO2 () 2Fe3O4 þ 3Fe2Si2O6:
olivine spinel opx
(2)
We calculated oxygen fugacity modified from the
method of Mattioli & Wood (1988) and Wood & Virgo
(1989), and the activity of magnetite in spinel using the
MELTS Supplemental Calculator of Sack & Ghiorso
(1991a, 1991b), as described by Davis et al. (2017). For
the remainder of this discussion, the term ‘fO2’ will be
used to refer to oxygen fugacity relative to the solid buf-
fer QFM of Frost (1991).
The calculation of fO2 depends on the pressure and
temperature of equilibrium. For this study, we used the
olivine–spinel thermometer of Li et al. (1995) and
assumed a pressure of 06 GPa. We used this thermom-
eter as olivine–spinel thermometry is based on the same
elements and minerals (Fe and Mg content in olivine and
spinel) that are used to calculate fO2. This thermometer
should give internal consistency with the oxybarometer
as the two systems should have the same closure condi-
tions. In Supplementary Data Section 1, we evaluate two
pyroxene-based thermometers, which return higher tem-
peratures owing to the higher closure temperatures for
diffusion in pyroxene relative to spinel and olivine. We
additionally provide justification for our use of the Li
et al. (1995) thermometer over other spinel–olivine
thermometers published in the literature.
As spinel peridotites lack a good barometer, we
chose a pressure of 06 GPa to apply to all of our sam-
ples. Our goal in choosing this pressure was to maxi-
mize consistency with the temperature determined by
the Li et al. (1995) thermometer, a relationship that de-
pends on the thermal structure of the tectonic setting.
Based on the model of Syracuse et al. (2010) for the
thermal structure of the modern Tonga subduction
zone, the model of Monte´si & Behn (2007) for the ther-
mal structure of ultraslow-spreading mid-ocean ridges,
and the experimental work of Borghini et al. (2010) on
the stability of Cr-spinel as a function of pressure, we
estimate that 06 GPa is a reasonable pressure to apply
to samples from both subduction zones and mid-ocean
ridges. The relative fO2 of samples within a dredge is in-
dependent of the assumed pressure, as samples within
a dredge follow the same exhumation path and thus
equilibrate at the same pressure. Different dredges may
reflect different pressures of equilibration; however, the
effect of pressure on calculated fO2 is small (<05 log
units per GPa), and thus uncertainty in pressure does
not affect our overall conclusions.
We calculated error following the method of Davis
et al. (2017) based on component analysis of the indi-
vidual error associated with olivine, orthopyroxene, and
spinel analyses, as well as P and T assumptions.
Average total error for each point is 04 log units, with
calculation of Fe3þ/RFe ratios contributing the largest
uncertainty.
RECALCULATION OF LITERATURE fO2
To maintain consistency with previously calculated
peridotite fO2 data, we recalculated literature data ac-
cording to our updated method (Davis et al., 2017).
Although this recalculation has a small effect on overall
systematics for fO2 in most samples, some samples dif-
fer from their published value by up to a log unit. In par-
ticular, the activity model used for spinel has a large
effect on calculated fO2, as discussed below.
Studies implementing the Wood & Virgo (1989) oxy-
barometry method have used the Nell–Wood activity
model (Nell & Wood, 1991) for calculating magnetite ac-
tivity in spinel (e.g. Bryndzia & Wood, 1990; Parkinson
& Pearce, 1998; Pearce et al., 2000). We use the spinel
model of Sack & Ghiorso (1991a, 1991b) in place of the
Nell–Wood model, because previous studies (Herd,
2008; Davis et al., 2017) have found that the Sack–
Ghiorso model is a better fit to the Wood (1990) experi-
mental data than the Nell–Wood model. In particular,
Wood (1990) found that the Nell–Wood model under-
estimates calculated fO2 by 035 log units on average
compared with experiments, whereas Herd (2008)
showed that the Sack–Ghiorso model underestimates
the fO2 of the same experiments only by 007 log units
on average. Davis et al. (2017) further showed that by
changing the way in which spinel endmembers are cal-
culated, the underestimation of the Sack–Ghiorso
model can be decreased to 003 log units. To maintain
consistency, we have thus recalculated all literature
data using the Sack–Ghiorso spinel model.
The recalculation of fO2 has a large effect on litera-
ture data at spinel Cr# >60 (Fig. 4). For example, the
high-Cr# samples of Parkinson & Pearce (1998) are
reduced by up to a log unit. In Fig. 4a, magnetite activ-
ities are calculated for spinels trending along the global
trajectory in Cr#–Mg# space at constant Fe3þ/
P
Fe ratio.
At Cr# <60, both models suggest that aFe3O4 decreases
as Cr# increases. However, at Cr# >60, the Nell–Wood
model diverges from the Sack–Ghiorso model, with the
Nell–Wood model reversing slope at high Cr# such that
Journal of Petrology, 2017, Vol. 58, No. 9 1761
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presence of aqueous fluid (e.g. Tatsumi et al., 1983)] or
reactive porous flow [in which a pyroxene-
undersaturated melt dissolves pyroxene from a perido-
tite to form dunite (e.g. Kelemen et al., 1995)], the melt
or fluid that enters the system also leaves the system
after having interacted and equilibrated with the solid.
As a result, modeling these processes can be very com-
plex as thermodynamic properties such as phase satur-
ation and melt reaction modes for the melt and solid are
needed. To maximize the simplicity of our model and
limit the number of unconstrained parameters, we
decided to model melt addition as a simple, closed-
system melt re-impregnation process based on mass-
balance of trace elements in the residue, the infiltrating
melt, and the partition coefficients between phases. As
described in Supplementary Data Section 2, our model
inputs clinopyroxene trace element concentrations and
the trace element concentrations of a spatially associ-
ated lava. The model optimizes (1) the degree of frac-
tional melting of an initial depleted MORB mantle
(DMM) source and (2) the amount of melt added to find
the best fit between the input clinopyroxene trace elem-
ent pattern and the modeled result.
LREE enrichments in the majority of Group I Tonga
peridotites are well described using either the disequi-
librium melting model (Fig. 9) or the melt addition
model (Fig. 10). If these samples have indeed been re-
enriched with melt, it is in extremely small quantities
(<0005%), and probably has at most a minor effect on
major element chemistry or recorded fO2. Among the
FME and HFSE, we did not assess disequilibrium melt-
ing owing to a lack of constraints on diffusion rates for
these elements. The FME and HFSE concentrations pre-
dicted by our melt addition model are in partial agree-
ment with our Group I data. Our samples tend to have
lower Ti and Y than predicted by the model and sharp
positive Nb anomalies. At the very high Cr content of
our Group I pyroxenes, very low Nb concentrations
could be affected by a polyatomic interference of
40Ar53Cr on 93Nb. We found this interference to be negli-
gible in reference glasses up to 2500 ppm Cr, but cannot
rule it out at higher Cr concentrations. Alternatively, the
Nb spikes could be due to disequilibrium melting or
other mantle processes that are not yet well
understood.
In all, we cannot conclusively distinguish between
disequilibrium melting and small amounts of melt add-
ition for the Group I peridotites. Additionally, the small
amount of melt addition implied by our model makes it
difficult to conclusively determine the identity of any
interacting melt. The samples are only slightly better
matched by addition of a boninite than by addition of a
mid-ocean ridge basalt (Fig. 10a and b). This suggests
that interaction with a subduction-related melt is not ne-
cessary to develop the trace element patterns seen in
our Group I clinopyroxenes.
Although boninitic melt is not necessary to explain
the observed clinopyroxene trace element patterns, we
nevertheless cannot conclusively show that a boninitic
melt or fluid was not involved. For a subset of the
Group I samples (primarily dredges 7TOW-57 and
NOVA88), our fractional melting model cannot repro-
duce the observed extremely low HREE concentrations,
as our model exhausts clinopyroxene before these val-
ues are reached (Fig. 10d). Hydrous melting models
(e.g. Gaetani & Grove, 1998) predict that clinopyroxene
will be consumed more slowly than during anhydrous
melting, which could allow Group I samples to more
easily reach higher degrees of melting before exhaust-
ing clinopyroxene. However, trace element compos-
itions for the aqueous fluids involved in boninite
production are poorly constrained, making it difficult to
assess whether hydrous melting in the presence of
such a fluid could result in the observed trace element
patterns.
Thus we conclude that the Tonga Group I samples
show no conclusive evidence for interaction with sub-
duction-zone melts or fluids, and are instead most
probably residues of large degrees of near-fractional
melting. The extreme depletion seen in the Group I
peridotites probably happens in a suprasubduction-
zone setting, during the first stages of subduction initi-
ation. Under the subduction initiation model of Reagan
et al. (2010), the first stage of subduction results in
large amounts of decompression melting in the fore-
arc, as asthenospheric mantle upwells to fill in the gap
left by the foundering slab. Evidence for this hypoth-
esis comes from the presence of relatively MORB-like
basalts at the base of the volcanic stratigraphy in the
Mariana forearc, which has been sampled in more de-
tail than Tonga. These forearc basalts (FAB) appear to
be the product of decompression melting and lack the
trace element signatures associated with subduction
fluids (Reagan et al., 2010). HFSE and REE patterns
(Reagan et al., 2010) and Y/Zr ratios (Arculus et al.,
2015) suggest a more refractory source for FAB than
MORB, and X-ray absorption near-edge spectroscopy
(l-XANES) analyses of FAB glasses suggest that these
lavas are not oxidized above ridge lavas (Brounce
et al., 2015).
Altogether, the extreme depletion and low fO2
observed in FAB make them an excellent candidate for
the melts extracted from our Group I peridotites.
Similar basalts have been documented within two
dredges in the Tonga forearc, but they record ages prior
to subduction initiation, suggesting a different petro-
genesis (Falloon et al., 2014). Although we favor the
subduction initiation hypothesis for Group I peridotites,
we cannot rule out the possibility that these samples in-
stead represent pre-existing lithosphere (e.g. Parkinson
& Pearce, 1998). However, melt depletion during sub-
duction initiation is the simplest model in terms of em-
placement of these samples into the forearc.
In summary, we propose that the petrography, oxy-
gen fugacity and major and trace element analyses for
Tonga Group I peridotites support the hypothesis that
extremely refractory forearc peridotites are residues of
large degrees of near-fractional, ridge-like melting, with
1768 Journal of Petrology, 2017, Vol. 58, No. 9


necessarily an oxidized melt with a strong subduction
component.
In summary, we find that the Conical Seamount trace
element patterns do not show conclusive evidence for
interaction with a boninitic melt in a suprasubduction-
zone setting. Trace element modeling and recalculation
of fO2 for these samples instead suggests that they
most probably did not interact with oxidized melts. We
interpret the high spinel Cr#s in these samples to be
due to large degrees of near-fractional melting, and
thus categorize the Mariana forearc samples from the
Conical Seamount with our Group I peridotites.
Group II: residues of fluid-fluxed melting
of a fertile mantle
We interpret Group II peridotites (harzburgites from
dredge BMRG08-106) to have formed during flux melt-
ing of fertile mantle owing to interaction with
subduction-related fluids and/or melts. We additionally
suggest that this interaction resulted in oxidation of the
peridotite residue.
The lower spinel Cr#s displayed by Group II perido-
tites compared with Group I peridotites (Fig. 6a) suggest
that they underwent lower degrees of partial melting.
However, the high LREE/HREE ratios of the Group II
samples (Fig. 7) require addition of a trace element-
enriched melt or fluid. Fluids and melts can interact
with the mantle wedge in two distinct manners. In one
scenario, fluids and hydrous melts percolate through
the mantle wedge to depress the mantle solidus and
cause flux melting (e.g. Tatsumi et al., 1983). The melts
produced mingle with the original fluxing material and
then ascend to the surface as arc magmas enriched in
fluid-mobile elements (Elliott et al., 1997), leaving be-
hind a residue that is also enriched in these elements.
The alternative scenario is that late-stage hydrous melts
can re-impregnate peridotites, such that—rather than
the melt leaving the system—the melt reacts with the
ambient mantle and crystallizes, thereby locally refertil-
izing the mantle (e.g. Dick, 1989; Seyler et al., 2007;
Warren, 2016).
Both scenarios are expected to result in a residue
that is enriched in the same elements as the original
melt or fluid, although we expect melt re-impregnation
to produce additional petrographic evidence such as
plagioclase, increased pyroxene content and veins.
These features are absent in the Group II peridotites,
and we thus consider it more likely that they are the
residues of flux melting. However, as we expect both
scenarios to have similar effects on trace element com-
positions, and the compositions of primary slab fluids
are poorly constrained, we apply our simple melt-
addition trace element model to the Group II peridotites.
We do not employ more complex models, nor do we
apply hydrous melting modes to these samples, for sev-
eral reasons. We prefer to minimize the number of un-
constrained parameters and maintain consistency
between our modeling of Group I and Group II
peridotites. We find that more complex models are not
required, as our simple model reproduces the observed
trace element patterns in Group II samples and allows
us to conclude that these peridotites have interacted
with subduction-related melts and/or fluids.
In applying our model, we tested 11 natural melts
with compositions taken from the literature that are spa-
tially or petrologically associated with the Tonga fore-
arc. These lavas comprise boninites, arc tholeiites,
basalts, dolerites, and adakites with compositions from
Falloon et al. (2008), Meffre et al. (2012), Todd et al.
(2012), Falloon et al. (2014), and Gale et al. (2013) (SD
Electronic Appendix 11). Additionally, we tested a com-
puted melt composition calculated to be in equilibrium
with clinopyroxene found in a dunite from dredge
BMRG08-106 (SD Electronic Appendix 11). As dunites
are often interpreted as melt localization channels
(Kelemen et al., 1995), clinopyroxene in these samples
likely crystallized from a pyroxene over-saturated melt,
and thus provides constraints on melt composition. We
tested each of these melts against each of the three
clinopyroxene REE patterns for dredge BMRG08-106
harzburgites (BMRG08-106-1-2, BMRG08-106-1-5, and
BMRG08-106-1-17).
The trace element patterns in clinopyroxene from all
three Group II harzburgites can be well matched by
moderate degrees of fractional melting (14–16%) com-
bined with addition of an arc tholeiitic melt (Fig. 12a–c).
The two lava types that provide the best match are is-
land arc tholeiites from Tonga (Meffre et al., 2012) and
early arc tholeiites from Fiji (Todd et al., 2012). The is-
land arc tholeiites are spatially close to dredge
BMRG08-106 samples (within 100 km) and are some
of the most prevalent lavas in the Tonga forearc (Meffre
et al., 2012). These lavas are estimated to have erupted
within the first 10 Myr after subduction initiation, based
on 40Ar–39Ar ages of 43 Ma (Meffre et al., 2012).
Although the early arc tholeiites are located signifi-
cantly to the west of the BMRG08-106 peridotites, they
are also interpreted as being associated with subduc-
tion initiation at the Tonga Trench, before the opening
of the Lau Basin (Todd et al., 2012).
We conclude from the trace element modeling that
the Group II peridotites have interacted with arc tholei-
ites. These lavas are strongly subduction-associated, as
they are interpreted to have formed as a result of inter-
action of subduction fluids with the mantle wedge.
Although fO2 is not constrained for any of the lavas
used as input compositions in our model, results from
the Mariana forearc (Brounce et al., 2015) suggest that
lavas become more oxidized as subduction initiation
proceeds and their slab component increases, with
magmatic fO2 increasing by more than a log unit from
FAB to boninites and arc lavas. This is consistent with
the global observation that arc lavas are more oxidized
than mid-ocean ridge lavas (e.g. Carmichael, 1991;
Kelley & Cottrell, 2009; Brounce et al., 2014; Grocke et al.,
2016) and that subduction-related xenoliths are more
oxidized than ridge peridotites (Wood & Virgo, 1989;
Journal of Petrology, 2017, Vol. 58, No. 9 1771


although the magnitude of this effect is not well con-
strained. To test the effect of subsolidus cooling on fO2,
we used the Voigt & von der Handt (2011) model for
Cr–Al redistribution, and added a reaction for Mg–Fe2þ
exchange between olivine and spinel (Li et al., 1995) to
the model framework, as the Mg/Fe2þ ratio of these
minerals affects fayalite and magnetite activities. Our
modeling suggests that the fO2 values of equilibrium
assemblages with the bulk composition of Group I and
Group II peridotite samples, calculated between 700 C
and 1100 C, vary by no more than 03 log units from
the original recorded fO2 values for the samples, rela-
tive to QFM (above 1100 C, the solver failed to con-
verge for some samples). Our model does not
incorporate ferric iron partitioning between phases,
which is poorly constrained during subsolidus cooling.
However, our results suggest that the difference in fO2,
which is of the order of two log units between Group I
and Group II samples, is due to their chemical compos-
ition at the time of melt extraction and/or interaction
and not to closed-system P–T–t subsolidus cooling
paths.
Implications for the oxidation state of arc mantle
The stark contrast between the geochemical signatures
recorded by Group I and Group II peridotites supports
the hypothesis that oxidation at arcs is caused by inter-
action with arc-related melts and fluids (e.g. Kelley &
Cottrell, 2009; Evans, 2012; Brounce et al., 2015).
Modeling of the Group I peridotites indicates that they
underwent either low degrees of melt addition
(<0005% for Tonga samples) or disequilibrium melting,
which requires no melt addition (Figs 9 and 10). These
peridotites record low fO2, around QFM – 02, which is
consistent with mid-ocean ridge peridotites that have
seen no influence from subduction processes. In
marked contrast, the Group II peridotites are best mod-
eled by higher percentages of melt addition (004–
05%), and the modeling additionally suggests that the
interacting melts were probably arc tholeiites. These
peridotites record significantly higher fO2 (around
QFM þ 17), suggesting a causal relationship between
elevated oxygen fugacity and interaction with arc melts
or fluids.
Although the lack of age and stratigraphic constraints
for the Tonga peridotites precludes conclusive determin-
ation of their tectonic history, we find it most likely that
the distinct signatures in the Group I versus Group II peri-
dotites are representative of processes occurring during
and following subduction initiation. Brounce et al. (2015)
showed that Mariana forearc basalts from the very ear-
liest stages of subduction initiation are not significantly
oxidized above MORB. They also showed that the oxi-
dized signature in arc melts develops in the first 10 Myr
after subduction initiation, in conjunction with an in-
crease in subduction-related trace elements. We propose
that the Tonga forearc peridotites tell the same story
from the perspective of the residue, with Group I
peridotites representing the earliest stages of subduction
initiation and Group II peridotites developing their oxi-
dized signature as subduction matures.
Our petrogenetic model for the Tonga forearc peri-
dotites, based on the subduction initiation models of
Reagan et al. (2010, 2015), Stern et al. (2012), and Todd
et al. (2012), is summarized in Fig. 14. Subduction
begins at the interface between two oceanic plates—the
younger, less dense Australian Plate and the older,
denser Pacific Plate (Fig. 14a). The dense Pacific Plate
founders as subduction initiates, and asthenospheric
mantle upwells to fill the gap left by the sinking plate.
This rapid upwelling results in large degrees of rela-
tively dry decompression melting (Fig. 14b) that leave a
highly refractory mantle residue. We interpret our
Group I peridotites to be the extremely refractory man-
tle residue of this melting event, analogous to the resi-
due of Mariana FAB (Brounce et al., 2015).
As the slab founders further, it will reach a depth at
which pressure-driven dehydration reactions release
aqueous fluids from the slab into the overlying mantle.
These fluids react with the ultra-refractory peridotite resi-
due to produce boninites—wet melts interpreted to have
formed via flux melting of ultra-refractory harzburgite
(Fig. 14c). As the arc system matures, the forearc mantle
freezes into lithosphere and corner flow becomes estab-
lished in the mantle wedge, bringing in fertile mantle as-
thenosphere. As the slab continues to dehydrate,
aqueous fluids result in flux melting of this fertile mater-
ial, producing arc tholeiitic melts (Fig. 14d). We interpret
our Group II peridotites to be the residue of this flux
melting. As the arc system matures further, portions of
this more fertile residue freeze into the lithosphere. Over
time, extensive erosion at the trench–slab interface ex-
poses the various melt products and residues of subduc-
tion initiation (Fig. 14e), from forearc basalts, boninites,
and arc tholeiites to their variably depleted and variably
subduction-influenced residues (Fig. 14f).
Our results show that the forearc mantle is heteroge-
neously oxidized, although the implications for the
mantle wedge are less well constrained. The implica-
tion of our model is that asthenospheric mantle in the
proto-subduction region is not oxidized prior to subduc-
tion initiation, and that mantle oxidation occurs as the
arc mantle interacts with oxidized subduction-related
melts and fluids. This suggests that the oxidized signa-
ture of arc lavas is inherited at the source (i.e. by flux
melting of mantle by oxidized slab fluids), rather than
developed later owing to differentiation or degassing.
Additionally, if this melt–rock interaction is localized,
then the majority of the mantle wedge may not be oxi-
dized relative to mid-ocean ridge mantle. Determining
the extent of oxidation of wedge material is difficult as
xenoliths brought up in arc volcanoes are—by their
nature—material produced by melt–rock interaction.
Our results indicate that mantle wedge material can
additionally be exposed in the forearc and can be used
to provide constraints on the nature of oxidation in the
mantle wedge. The Tonga forearc is undergoing a large
1774 Journal of Petrology, 2017, Vol. 58, No. 9

previously thought to have an oxidized subduction-
related signature are, in fact, not oxidized above the
mid-ocean ridge peridotite array.
In contrast, one Tonga Trench location (dredge
BMRG08-106) records elevated fO2. The lower spinel
Cr#s and enriched light rare earth element concentra-
tions suggest that this dredge has undergone a lower
degree of fractional melting, as well as interaction with
percolating hydrous melts and/or fluids. This most
probably occurred during flux melting, as newly estab-
lished corner flow brought fresh asthenospheric mater-
ial into the mantle wedge. Modeling of REE patterns in
these samples indicates that the melts and/or fluids
involved in this flux melting are probably related to arc
tholeiites associated with subduction initiation and later
episodic volcanism. As these varieties of arc melts are
generally oxidized, we conclude that the oxidized signa-
ture in these Tonga peridotites is probably imparted by
oxidized melts and/or fluids during flux melting in a
subduction setting.
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